The Corynebacterium glutamicum R genome contains a total of eight genes encoding proteins with sequence similarity to C 4 -dicarboxylate transporters identified from other bacteria. Three of the genes encode proteins within the dicarboxylate/amino acid:cation symporter (DAACS) family, another three encode proteins within the tripartite ATP-independent periplasmic transporter family, and two encode proteins within the divalent anion:Na ؉ symporter (DASS) family. We observed that a mutant strain deficient in one of these genes, designated dcsT, of the DASS family did not aerobically grow on the C 4 dicarboxylates succinate, fumarate, and malate as the sole carbon sources. Mutant strains deficient in each of the other seven genes grew as well as the wild-type strain under the same conditions, although one of these genes is a homologue of dctA of the DAACS family, involved in aerobic growth on C 4 dicarboxylates in various bacteria. The utilization of C 4 dicarboxylates was markedly enhanced by overexpression of the dcsT gene. We confirmed that the uptake of [ 13 C]labeled succinate observed for the wild-type cells was hardly detected in the dcsT-deficient mutant but was markedly enhanced in a dcsT-overexpressing strain. These results suggested that in C. glutamicum, the uptake of C 4 dicarboxylates for aerobic growth was mainly mediated by the DASS transporter encoded by dcsT. The expression level of the dcsT gene transiently increased in the early exponential phase during growth on nutrient-rich medium. This expression was enhanced by the addition of succinate in the mid-exponential phase and was repressed by the addition of glucose in the early exponential phase.
C 4 -dicarboxylate intermediates in the tricarboxylic acid cycle, i.e., succinate, fumarate, and malate, are utilized by bacteria as carbon and/or energy sources. Various types of transporters are involved in the utilization of C 4 dicarboxylates (20) . The proteins of the DctA family, which is a subgroup of the dicarboxylate/amino acid:cation symporter (DAACS) family (5, 6) , are well conserved in aerobes and facultative anaerobes and mediate the uptake of C 4 dicarboxylates under aerobic conditions in various bacteria, i.e., Escherichia coli (7), Salmonella enterica serovar Typhimurium (2) , Bacillus subtilis (1) , and some species of Rhizobium (10, 36, 51, 55, 57) . Other types of transporters have also been implicated in C 4 -dicarboxylate uptake, but the functional characterization has been limited. The tripartite ATP-independent periplasmic transporter (TRAP-T) is essential for aerobic growth on C 4 dicarboxylates in the purple photosynthetic bacterium Rhodobacter capsulatus (11, 41) . SdcS, which is a member of the divalent anion:Na ϩ symporter (DASS) family (5, 6) , in Staphylococcus aureus was functionally characterized by being expressed in E. coli and by being reconstituted into proteoliposome, indicating that it functioned as a Na ϩ /dicarboxylate symporter (13, 14) . Corynebacterium glutamicum, which is a nonpathogenic high-GC-content, gram-positive soil bacterium, is widely used for the industrial production of amino acids such as glutamate and lysine (23, 24) . The entire genome sequence of C. glutamicum ATCC 13032 is helpful for the elucidation of various cellular functions of this microorganism important to industry (15, 21) . We have developed a bioprocess for production of lactate, succinate, and ethanol by C. glutamicum R (16, 17, 26, 27) . We performed transcriptome analyses during organic acid production (18) based on the genome sequence of C. glutamicum R (56) . It is important to understand the mechanism of chemical transport across the cellular membrane for the development of bioprocesses using the microorganism. C. glutamicum has the ability to utilize C 4 dicarboxylates (54) . The uptake of succinate by C. glutamicum cells was characterized as a Na ϩ -coupled mechanism (8) . However, the relevant transporter remains unknown.
In this study, we searched for a transporter involved in the utilization of C 4 dicarboxylates in C. glutamicum. In the genome sequence of C. glutamicum R, there are eight genes encoding proteins with some sequence similarity to the previously identified C 4 -dicarboxylate transporters classified into the DAACS, TRAP-T, or DASS family in other bacteria. Analyses of a gene-deficient mutant and a gene-overexpressing strain indicated that the utilization of succinate, fumarate, and malate for aerobic growth is mediated mainly by a member of the DASS family in C. glutamicum cells. Furthermore, we showed the growth-phase-dependent expression of the corresponding gene, designated dcsT, of which expression was positively affected by succinate and negatively affected by glucose.
MATERIALS AND METHODS
Bacterial strains. C. glutamicum R (56) was used as a wild-type strain for our experiments. Mutant strains deficient in a C 4 -dicarboxylate transporter homologue (cgR_0299, cgR_1933, cgR_2199, cgR_2220, cgR_2306, cgR_2451, cgR_ 2497, and cgR_2914) were obtained from a single-gene-disruptant mutant library constructed by transposon-mediated mutagenesis (46) .
Culture conditions. For genetic manipulations, E. coli strains were grown at 37°C in Luria-Bertani medium (39) . C. glutamicum strains were grown at 33°C in nutrient-rich A medium (17) with 4% glucose. Where appropriate, the culture medium was supplemented with 50 g ml Ϫ1 of kanamycin and 50 g ml Ϫ1 of chloramphenicol for E. coli. For C. glutamicum, the final concentrations of antibiotics were 50 g ml Ϫ1 for kanamycin and 5 g ml Ϫ1 for chloramphenicol. For growth on organic acids as the sole carbon sources, C. glutamicum cell starter culture was grown aerobically until the late exponential phase in 10 ml A medium containing 4% glucose at 33°C in a 100-ml test tube. The cells were harvested by centrifugation at 4,000 ϫ g for 10 min at 4°C. The cell pellet was subsequently washed twice with BT minimal medium (17) . The washed cells were suspended with 100 ml BT medium containing 50 mM disodium succinate, sodium fumarate, or sodium malate and then aerobically cultured at 33°C in a 500-ml flask.
For growth on nutrient-rich A medium, C. glutamicum cell starter culture was grown aerobically in 10 ml A medium at 33°C in a 100-ml test tube overnight. A part of the culture was added to 100 ml A medium supplemented with disodium succinate or glucose at 50 mM, then aerobically cultured at 33°C in a 500-ml flask.
Uptake of [ 13 C]succinate. C. glutamicum cell starter culture was grown aerobically until the mid-exponential phase in 100 ml A medium with 4% glucose at 33°C in a 500-ml flask. The cells were harvested and washed twice with 50 mM Tris-HCl, pH 8.0, and then suspended with 80 ml of the same buffer at an optical density at 610 nm (OD 610 ) of 3 in a 500-ml flask. After preincubation at 33°C for 5 min with shaking, the cell suspension was supplemented with 10 mM [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]succinate and aerobically incubated with shaking at 33°C. Analytical methods. Cell growth was monitored by measuring the OD 610 by using a spectrophotometer (DU640; Beckman Coulter, CA).
The cell culture was centrifuged at 10,000 ϫ g for 10 min at 4°C, and the supernatants were analyzed for organic acids and glucose. Organic acids were quantified by high-performance liquid chromatography (8020 system; Tosoh, Tokyo, Japan) equipped with an electric conductivity detector and TSKgel OAPak column (Tosoh) operating at 40°C with a 0.75 mM H 2 SO 4 mobile phase at a flow rate of 1.0 ml min
Ϫ1
. The concentration of glucose was measured by an enzyme electrode glucose sensor (BF-4; Oji Scientific Instruments, Hyogo, Japan).
Sample preparation for analysis of 13 C-labeled metabolites. Intracellular metabolites in C. glutamicum were extracted by modifying methods described previously (4, 44, 53) . Cells were separated by vacuum filtration (PTFE membrane, 0.5-m pore size, 47 mm diameter; Advantec, Tokyo, Japan) and washed four times with 5 ml NaCl solution (0.9%; 33°C). Subsequently, the filter was plunged into 1 ml of methanol (Ϫ20°C) for rapid deactivation of enzymes and simultaneously extraction of intracellular metabolites in C. glutamicum (53) . An internal standard containing 5 l of 0.5 g liter Ϫ1 ribitol was added to the methanol solution for quantitation of intracellular metabolites. The whole sampling procedure for methanol quenching and extraction was finished in less than 30 s. After incubation for 60 min at Ϫ20°C, the extract was obtained by a method described previously (44) . The extract was derivatized by methoxyamine hydrochloride in pyridine and subsequently N-methyl-N-(trimethylsilyl)trifluoroacetamide (trimethylsilyl [TMS] derivatization) as previously described (35, 45) . The derivatized sample was analyzed by gas chromatography-mass spectrometry (GC-MS).
GC-MS analysis. GC-MS was carried out using a gas chromatograph equipped with a DB-5MS capillary column (30 m by 0.25 mm by 0.25 m; J&W) that was directly connected to a mass spectrometer (QP-2010 Plus; Shimadzu, Kyoto, Japan). For the measurements of TMS derivatives, an initial oven temperature of 70°C was maintained for 5 min, then increased to 320°C at 10°C min
, and maintained for 5 min. The total running time was 33 min. The other settings were the same as those for the measurements previously described (35) . In this study, the ion fragment of [M-15] was measured by GC-MS (42) . The concentration of m2 isotopomer originating from [1,4- DNA techniques. Chromosomal DNA was isolated from C. glutamicum cells by using GenomicPrep cells and tissue DNA isolation kit (GE Healthcare, Buckinghamshire, England) according to the manufacturer's instructions but modified by using 10 mg ml Ϫ1 lysozyme at 37°C for 1 h. Plasmid DNA was isolated using the QIAprep Spin miniprep kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions but modified for extraction from C. glutamicum cells by using 10 mg ml Ϫ1 lysozyme at 37°C for 1 h. PCR was performed using DNA thermal cycler 480 (PerkinElmer, MA). After the reaction mixture was heated at 96°C for 3 min, the PCR proceeded under 30 cycles of 15 s at 96°C, 30 s at 58°C, and 1 min 30 s at 68°C by using DNA polymerase KOD Plus (Toyobo, Osaka, Japan).
C. glutamicum cells were transformed by electroporation as described previously (49) . E. coli cells were transformed by the CaCl 2 procedure (39).
DNA sequencing was performed by the dideoxy chain termination method, as described previously (40), with an ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, CA) by using the BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems). DNA sequence data were analyzed with the Genetyx program (Software Development, Tokyo, Japan). Sequences were aligned and phylogenetically analyzed by the program CLUSTAL W (47) using the neighbor-joining method (38) . The phylogenetic tree was displayed using the program TREEVIEW (28) . Plasmid construction. The dcsT-overexpressing strain was obtained as follows. The region for the DcsT open reading frame was amplified by PCR from the C. glutamicum R chromosomal DNA by using a set of primers, 5Ј-GGAATTCCA TGAGCACACCTGACATTAAC-3Ј and 5Ј-TCCCCCGGGTTAAAGCATGA TGCCAAAGA-3Ј, with EcoRI and SmaI restriction sites, respectively. The EcoRI-SmaI fragment of the PCR-amplified product was inserted into the corresponding sites of E. coli-Corynebacterium shuttle vector pCRB1 (25) , yielding pCRC300 for expression of dcsT under the control of lac promoter. This plasmid was introduced into C. glutamicum R by electroporation.
Quantitative reverse transcription-PCR (RT-PCR).
Total RNA was prepared from C. glutamicum cells by using the RNeasy minikit (Qiagen) according to the manufacturer's instructions. Single-stranded cDNA was synthesized from 0.2 g of total RNA by using PrimeScript reverse transcriptase (Takara, Osaka, Japan) with hexadeoxyribonucleotide mixture as a primer in 20 l reaction mixture, and then 2 l of the cDNA mixture was added as a template in 18 l of reaction mixture containing each primer (0.3 M) and Power Sybr green PCR master mix (Applied Biosystems). After the reaction mixture was heated at 95°C for 10 min, PCRs proceeded via 40 cycles of 15 s at 95°C and 40 s at 60°C. The amount of amplified DNA was monitored by fluorescence at the end of each cycle by using the Applied Biosystems 7500 Fast real-time PCR system. Primers used for analyses of dcsT were 5Ј-TGCTGTCCTGGTGTTGTTCCT-3Ј and 5Ј-ACCTG CGGTCAGTCCGATAC-3Ј. Primers for 16S rRNA were 5Ј-TCGATGCAACG CGAAGAAC-3Ј and 5Ј-GAACCGACCACAAGGGAAAAC-3Ј. Specific amplification of the targeted DNA was confirmed by electrophoresis and sequencing of the PCR product. The relative abundances of the targeted mRNAs were quantified based on the cycle threshold value, which is defined as the number of cycles required in order to obtain a fluorescence signal above the background level. To standardize the results, the relative abundance of 16S rRNA was used as the internal standard.
RESULTS
Search for a single-gene-deficient mutant(s) incapable of growing on a C 4 -dicarboxylate-containing plate. As summarized in Table 1 , homology searches revealed that eight genes (cgR_0299, cgR_1933, cgR_2199, cgR_2220, cgR_2306, cgR_ 2451, cgR_2497, and cgR_2914) from the C. glutamicum R genome encode proteins exhibiting 20 to 50% amino acid sequence identity to the functionally characterized C 4 -dicarboxylate transporters classified into the DAACS family, the TRAP- (5, 13, 20) . Seven of the eight genes also exist in the genome of C. glutamicum ATCC 13032, but cgR_2306 is specific to strain R ( Table 1 ). Figure 1 shows the results of a phylogenetic analysis of the bacterial C 4 -dicarboxylate transporter families. The protein CgR_2497 exhibited approximately 50% amino acid sequence identity to DctA family proteins involved in aerobic growth on C 4 dicarboxylates in various bacteria. Although the other seven C. glutamicum proteins exhibited relatively low sequence similarity to previously identified transporters, they could be classified into three families based on the transporter classification system (Table 1 ) (5, 52). Mutant strains deficient in each of the eight transporter homologues were obtained from the mutant library previously constructed by transposonbased insertion of a selection marker (46) . Figure 2 shows growth of these mutant strains on an agar plate with either glucose or succinate as the sole carbon source. The strain deficient in cgR_0299 (the gene was designated dcsT) barely grew on the succinate-containing plate, in contrast to the other mutant strains and the wild-type strain. All strains, including the dcsT strain, grew equally well on glucose-containing plates. Growth of all strains on fumarate-or malate-containing plates resembled that on the succinate-containing plate (data not shown).
Effects of disruption or overexpression of dcsT on C 4 -dicarboxylate utilization.
A plasmid carrying the dcsT gene under the control of lac promoter was introduced into C. glutamicum R wild-type strain. The dcsT-overexpressing strain was cultured in liquid medium using succinate as the sole carbon source, and its growth was compared to those of the dcsTdeficient strain and the wild-type strain carrying a vector plasmid without dcsT. The wild-type strain with the vector plasmid grew slowly during the 23-h culture, whereas for the deficient mutant, growth was completely suppressed by disruption of dcsT (Fig. 3A) . On the other hand, the dcsT-overexpressing strain grew much better than the wild-type strain with the vector plasmid. The concentration of succinate in the medium decreased, accompanied by the growth of the dcsT-overexpressing strain, and succinate was fully consumed by the strain within 23 h (Fig. 3B) . Similar results were observed when these strains were cultured in medium with fumarate or malate as the sole carbon source (Fig. 3C to F) . The dcsT-overexpressing strain apparently utilized fumarate better and utilized malate less than succinate. These results indicated that utilization of the C 4 dicarboxylates was markedly enhanced by overexpression of dcsT and was completely suppressed by disruption of this gene. The dcsT-deficient strain grew as well on plates with glucose ( Fig. 2A) , lactate, acetate, or citrate, as the wild type (data not shown). These results indicated that the putative transporter encoded by dcsT was specifically involved in the utilization of C 4 dicarboxylates, i.e., succinate, fumarate, and malate.
The concentrations of C 4 dicarboxylates in the culture medium changed little during growth of the wild type with the vector plasmid, probably because of low densities of the cells with little ability for C 4 -dicarboxylate utilization (Fig. 3B, D,  and F) . Actually, the concentration of succinate in the medium suspending the cells at a higher density, at an OD 610 of 3, significantly decreased during 4-h incubation, while the decrease was not observed for the dcsT-deficient strain (data not shown). Under these conditions, uptake of succinate was analyzed using [ 13 (11) ; and the putative transporter proteins in C. glutamicum R encoded by cgR_0299 (designated dcsT), cgR_1933, cgR_2199, cgR_2220, cgR_2306, cgR_2451, cgR_2497, and cgR_2914 (shown by their last four numbers). The amino acid sequences were aligned using the CLUSTAL W program (47) , and the tree was constructed using the neighbor-joining method (38 (Fig. 4) . Expectedly, the uptake of succinate was not detected in the dcsT-deficient strain, while it was markedly stimulated by overexpression of dcsT. A decrease in the concentration of the labeled succinate after the rapid accumulation in the cells of dcsT-overexpressing strain implied that the succinate taken up was metabolized in the cells.
Effects of succinate and glucose on the growth-phase-dependent expression of dcsT. Expression of the dcsT gene in C. glutamicum cells cultured in nutrient-rich medium, which allowed the cells to grow well in the presence or absence of succinate, was examined by quantitative RT-PCR. When the cells in the stationary phase were transferred to the fresh medium without supplementation of additional carbon sources, the level of dcsT mRNA markedly increased in the early exponential growth phase and then rapidly decreased from the mid-exponential phase to the stationary phase (Fig.  5A ). In the presence of succinate, which slightly stimulated the cell growth, a similar growth-phase-dependent pattern of expression was observed, but the decrease in the mRNA level from the early exponential phase to the mid-exponential phase was relatively repressed (Fig. 5B) . On the other hand, in the presence of glucose, the mRNA level in the early exponential phase was markedly repressed compared with the level in the absence of glucose (Fig. 5C ).
DISCUSSION
In this study, we showed that disruption of dcsT, one of the eight C 4 -dicarboxylate transporter gene homologues in C. glutamicum, completely suppressed the aerobic growth on the C 4   FIG. 3 . Utilization of C 4 dicarboxylates for aerobic growth of C. glutamicum cells. C. glutamicum R wild-type strain containing a control vector plasmid (black squares), the dcsT-deficient strain (white triangles), and the dcsT-overexpressing strain (white circles) were aerobically grown on BT minimal medium supplemented with succinate (A and B), fumarate (C and D), or malate (E and F). The OD 610 (A, C, and E) were monitored. The time courses of changes in the concentrations of succinate (B), fumarate (D), and malate (F) in the medium are shown. Similar results were obtained from two independent experiments, and the mean values are shown.
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on July 8, 2017 by guest http://aem.asm.org/ dicarboxylates succinate, fumarate, and malate as sole carbon sources. On the other hand, overexpression of this gene enhanced the utilization of these dicarboxylates markedly. The uptake of [ 13 C]succinate observed for C. glutamicum cells was eliminated by disruption of the dcsT gene, while it was markedly stimulated by overexpression of dcsT. These results indicated that utilization of C 4 dicarboxylates for growth was mediated mainly by the transporter encoded by dcsT. This gene was predicted to encode a protein of 528 amino acid residues and a molecular mass of 55.9 kDa. The DcsT protein showed significant similarity to Na ϩ -coupled dicarboxylate transporters belonging to the DASS family (5, 6, 30, 31) . Functionally characterized proteins within the DASS family transport organic di-and tricarboxylates as well as dicarboxylate amino acids, inorganic sulfate, and phosphate. These proteins are widespread among all three domains of life. However, within the DASS family, only a few prokaryotic proteins, SdcS (13, 14) , CitT (34) , and TtdT (22) , have been functionally characterized. S. aureus SdcS was characterized as a Na ϩ /dicarboxylate symporter (13, 14) , while CitT is involved in citrate/succinate antiport for anaerobic growth by citrate fermentation (34) . E. coli TtdT, homologous to CitT, is involved in the utilization of tartrate instead of citrate under anaerobic conditions (22) . The observed similarity of C. glutamicum DcsT to SdcS (39% amino acid identity) was greater than that of DcsT to CitT (25%) or TtdT (22%). DcsT also shares approximately 30% identity to Na ϩ /dicarboxylate symporters NaDC-1 and NaDC-3 in mammals (29, 32, 33, 50) . It has been reported that uptake of succinate by C. glutamicum cells is dependent on Na ϩ (8) . These findings may suggest that the DcsT protein functions in the uptake of C 4 dicarboxylates coupled with Na ϩ in C. glutamicum. Uptake of C 4 dicarboxylates by S. aureus SdcS in E. coli cells expressing the protein (13) and also in the partially purified protein reconstituted into proteoliposome prepared from E. coli cells was characterized (14) . However, a physiological function of this transporter in S. aureus has not been reported. Our genetic analyses of dcsT in C. glutamicum revealed the involvement of the encoded DASS family protein in the utilization of C 4 dicarboxylates for aerobic bacterial growth. Homology searches revealed that DcsT showed more similarity to proteins with unknown function predicted from genomic sequences of various bacterial species, Helicobacter pylori 26695 (HP_0214), Campylobacter fetus subsp. fetus 82-40 (CFF8240_0346), and Oceanobacillus iheyensis HTE831 (OB2540), than to S. aureus SdcS. Uptake systems for C 4 dicarboxylates via this type of transporter may be widely distributed in bacteria.
It has been reported that uptake of C 4 dicarboxylates under aerobic conditions is mediated by a member of DctA family in various bacteria, e.g., E. coli (7) , B. subtilis (1) , and some rhizobial species (10, 36, 37, 51, 55, 57) . According to the transporter classification system based on transport mechanism and molecular phylogeny, DctA proteins are classified into the DAACS family. They show low similarity (about 20% amino acid identity) to C. glutamicum DcsT, which is classified into the DASS family. The uptake of C 4 dicarboxylates by FIG. 4 . Succinate uptake analysis using C. glutamicum cell suspension. C. glutamicum cells were suspended at an OD 610 of 3 in Tris-HCl buffer with [1,4- 13 C]succinate. The C. glutamicum R wild-type strain (black squares), the dcsT-deficient strain (white triangles), and the dcsT-overexpressing strain (white circles) were used. Intracellular succinate was analyzed by GC-MS, and the time course of changes in m2 isotopomer originating from the labeled succinate is shown. Mean values from three independent experiments are shown with standard errors (error bars). bacterial cells, mainly using the DctA protein, is dependent on H ϩ potential across the membrane (3, 12, 20) , while the uptake of succinate is dependent on Na ϩ in C. glutamicum (8) . It is consistent with the notion that a C 4 -dicarboxylate transporter for aerobic growth in C. glutamicum is different from the DctA family transporters. It should be noted that C. glutamicum has a gene (cgR_2497) encoding a protein grouped into the same cluster of the DctA family proteins with relatively high similarity (Fig. 1) . However, a cgR_2497-deficient strain grew on succinate (Fig. 2) , fumarate, and malate (data not shown) as well as the wild-type strain. It is noteworthy that the cgR_2497 gene retained in the dcsT-deficient strain did not complement utilization of C 4 dicarboxylates for aerobic growth (Fig. 2 and  Fig. 3) . Therefore, the DctA-like cgR_2497 protein may be involved in the transport for the substrate(s) other than C 4 dicarboxylates and may play a physiological role different from that associated with DcsT.
In this study, we showed that expression of the dcsT gene was dependent on the growth phase. When cells were cultured in nutrient-rich medium, dcsT expression was induced in the early exponential growth phase, while it was markedly repressed from the mid-exponential phase to the stationary phase. It is in contrast to expression of the E. coli dctA gene, whose expression was reported to be enhanced in the stationary phase, which was ascribed to the common feature of the genes subjected to cyclic AMP receptor protein-dependent catabolite repression (7) . We observed that dcsT expression was enhanced in the presence of succinate in the mid-exponential phase, while the expression was repressed by glucose in the early exponential phase. However, the response to succinate appeared to be small, and this may correspond to the weak ability of C. glutamicum to utilize C 4 dicarboxylates. In this context, it should be noted that the wild-type strain grew very slowly on C 4 dicarboxylates as sole carbon sources, but overexpression of dcsT markedly enhanced the utilization of C 4 dicarboxylates.
C. glutamicum excretes succinate in addition to lactate under conditions of oxygen deprivation (17) . We observed that disruption of dcsT did not affect the succinate excretion under conditions of oxygen deprivation (data not shown), suggesting that transporters other than DcsT are involved in the different modes of C 4 -dicarboxylate transport for distinct physiological functions under different environmental conditions in C. glutamicum. In E. coli, DcuA, DcuB, and DcuC seem to be involved in the multiple modes of C 4 -dicarboxylate transport, i.e., uptake, exchange, and excretion, under anaerobic conditions, while uptake of C 4 dicarboxylates for aerobic growth is mediated mainly by DctA (9, 20, 43, 58) . However, homologues to DcuA, DcuB, and DcuC proteins were not found in the C. glutamicum genome, suggesting that a different type of transporter is involved in C 4 -dicarboxylate transport under conditions of oxygen deprivation in C. glutamicum. Identification of more transporters will be needed to understand the mechanism for the distinct modes of C 4 -dicarboxylate transport in this industrially important microorganism.
